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ABSTRACT 
MAGNETITE MINERALIZATION OF THE HAMMONDVILLE PLUTON: POLY-
PHASE KIRUNA TYPE IOCG MAGNETITE-APATITE DEPOSITS IN THE LYON 
MOUNTAIN GRANITE 
SEPTEMBER 2020 
PHILLIP S. GEER, B.S., KEENE STATE COLLEGE 
M.S., UNIVERSITY OF MASSACHUSETTS, AMHERST 
Directed by: Professor Michael L. Williams 
Recent mapping of the Eagle Lake Quadrangle, NY, coupled with whole-rock 
geochemistry and microscopy has offered insight into the petrogenesis of the magnetite-
apatite deposits of the Hammondville mining district in the eastern Adirondack 
Mountains. This study provides insight into the magmatic history of the ca. 1060-1050 
Ma Lyon Mountain Granite (Hammondville Pluton) which is intimately related to, and 
hosts the deposits in this area. Magnetite seams are commonly surrounded by well 
layered magnetite gneiss, which typically parallel the seams, although in some outcrops 
appear to be slightly truncated by them. Mineralization is generally concordant with the 
weak layering found throughout the rest of the pluton, and similarly lacks a pervasive 
metamorphic fabric. Sub-solidus deformation is recorded in some localized shear zones 
that occur in both the seams and host-granite indicating post-crystallization and post-
vi 
mineralization deformation events. These episodes could have provided conduits for 
fluids responsible for growing younger zircon that past workers dated and interpreted as a 
separate time of mineralization. We conclude that magnetite mineralization likely 
occurred as separate magma, or magnetite rich fluid, injected into the Lyon Mountain 
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  INTRODUCTION 
The Lyon Mountain Granite (LMG)(Chiarenzelli, et al. 2017) is a mesoproterozoic 
leucogranite located in the Adirondack Mountain Highlands (McLelland et al., 2013). It 
is interpreted to have formed during continental extension at approximately 1050 Ma and 
is nearly the exclusive host to numerous magnetite-apatite deposits that were mined as a 
source of iron for hundreds of years (Buddington, 1939; Postel, 1952; McLelland, 
2001A; Valley 2011). Recent geochemical studies revealed elevated rare earth elements 
(REEs) contained in apatite associated with the magnetite in some deposits of the eastern 
Adirondack Mountains (Valley et al. 2011; Lupulescu, et al. 2016). 
Magnetite-apatite deposits have been studied worldwide and their petrogenesis has 
remained the topic of debate for over a century. These specific IOCG (iron-oxide-copper-
gold) deposits that lack copper and gold are referred to as “Kiruna”- type after a specific 
locale in Kiruna, Sweden (Hitzman et al., 1992). Whether these “Kiruna” type IOCG 
deposits are igneous or hydrothermal in origin is still disputed, including those  
in the Adirondack Mountains where numerous deposits of this type occur (Valley et al., 
2011; Lupulescu et al., 2014). The petrogenesis of the host LMG in the Adirondack 
Mountains is important in understanding the petrogenesis of the ores they contain, as the 
two are intimately related. 
The focus of this mapping project is the Hammondville pluton and associated magnetite 
mineralization of the Hammondville mining district. The Hammondville pluton is located 





of eastern New York State. There are several LMG plutons in the Eagle Lake quadrangle, 
and the Hammondville pluton is the largest and most oblate. It is host to several deposits 
that were mined during the 19th century and has recently been targeted for study because 
of the potential for REE mineralization (Newland, 1908; Valley, 2011). The purpose of 
this research is to map and characterize the deposits and host rocks in order to provide 
insight into their petrogenesis, and constrain the tectonic history of the region and similar 





















2.1 Grenville Province 
The Grenville Province is a geologic terrain that extends from Newfoundland to 
northern New York, with scattered exposures stretching south along the Appalachian 
Mountains and west into Texas (Fig. 1) (Rivers, 1989; Rivers, 2000; Karlstrom, 2007, 
McLelland, 2010). It is interpreted to have been formed over hundreds of millions of 
years during convergence, back-arc development and magmatism beginning around 1400 
Ma (Rivers, 1989; Rivers, 2000; Karlstrom, 2007, McLelland, 2010). The culminating 
Grenville Orogeny is interpreted to have been a vast meso-proterozoic mountain building 
event that spanned roughly 1250-980 Ma (Tollo, 2004; McLelland et al., 2013). It 
resulted in the final amalgamation of the supercontinent Rodinia as demonstrated by 
similarly deformed lithologies and common tectonic terrains located on several 
continents (Karlstrom et al., 1999; Rivers 2008; McLelland et al., 2013)(Fig 1).  
Three major orogenic events are interpreted to have made up the long lived 
Grenville Orogenic cycle: the Elzevirian Orogeny (1250-1220 Ma), the Shawinigan 
Orogeny (1200-1140 Ma) and the Grenville Orogeny (1090-980 Ma) (Rivers, 2008; 
McLelland et al., 2013). Models for these events continue to evolve, but it is believed 


















microcontinents with the Laurentian margin, and the development of several marginal 
seas (Rivers, 1997; McLelland et al., 2013) (Fig 2). Widespread deformation and uplift 
generally correspond with orogenic plutonism (McLelland and Chiarenzelli, 1990; 
McLelland et al., 2013). 
2.2 Adirondack Mountains 
The Adirondack Mountains are a domical uplift roughly 25,000 km2 within north 
eastern New York State (Fig 3). The region is referred to as an outlier of the main 
Grenville province, along with the Green Mountains to the east in Vermont, and the 
Berkshire Massif to the south in Massachusetts (McLelland et al., 2010). It is generally 
agreed that rocks of the Adirondack Mountains formed during the same orogenic periods 
as these two other regions, however, there is dispute over whether some of the units are 
allochthonous, and if so, the distance over which they were transported (Rivers, 2008).  
Rocks of the Adirondack Mountains are divided into two geographic regions: The 
Adirondack Highlands comprise the majority of the mountain range, while the 
Adirondack Lowlands account for a smaller area in the northwest. (Fig. 4) The two 
regions are separated by the 1-10 kilometer wide Carthage Colton Shear Zone (CCSZ), 
which exhibits top to the north-west, normal sense shear (Selleck et al., 2005). The 
Adirondack Highlands are predominantly underlain by metaigneous rocks including 
several large anorthosite bodies (Buddington, 1939; Rivers, 2008; McLelland, et al., 
2013). The Lowlands are predominantly underlain by metasedimentary rocks, a majority 







Figure 2: Multiple collisional and extensional events along northeastern Laurentia making up the long lived Grenville 




























Figure 4: Generalized geologic map modified after McLelland et al., 2004. The Lyon Mountain Granite (LMG) plutons, 













The Adirondack Highlands typically record granulite facies metamorphism, 
which is in contrast to the amphibolite facies conditions preserved in the Lowlands 
(Rivers, 2008). Rivers (2011) proposed the Adirondack Lowlands, with its 
metasedimentary composition and lower metamorphic grade, was the orogenic lid to the 
Adirondack Highlands. The Lowlands, he suggested, were spared a metamorphic 
overprint during the Ottawan Orogeny as it was situated higher in the crust (Selleck et al.; 
Rivers, 2008), and was juxtaposed against the Highlands along the Cartage Colton shear 
zone during gravitational orogenic collapse near the end of the Grenville Orogeny 
(Rivers, 2008). Recently, workers in the eastern Adirondack Highlands have identified a 
zone of top-to-the-east normal shear, interpreted to be the eastern expression of the 
gravitational collapse event (Wong et al., 2012).  
The extensive upper-amphibolite to granulite facies deformation and 
metamorphism of the Adirondack Highlands was interpreted by McLelland et al., (2001a; 
2013) to have occurred during the ca. 1090-1050 Ma Ottawan orogeny. These authors 
suggested that this was the last major tectonic pulse of the Grenville orogeny that led to 
the formation of the supercontinent Rodinia.  
Another interpretation presented by Chiarenzelli et al. (2011), is that the (ca 1190-
1140) Shawinigan Orogeny was the major dynamo-thermal fabric forming event in the 
Adirondack Mountains. They presented field, geochemical, and geochronological data 
suggesting the Ottawan Orogeny was instead a time possibly dominated by elevated 
geothermal gradients during extension (Chiarenzelli et al. 2011). Calculated temperatures 
of between 787𝑜and 817𝑜 C and fluids associated with mantle upwelling may have reset 





episode (Chiarenzelli et al., 2011). Whether this period was immediately preceded by 
compression or not, heating likely initiated extensional strain, setting the stage for 
decompressional melting and the circa 1060-1050 Lyon Mountain Granite and associated 
magnetite-apatite mineralization (Chiarenzelli, 1991; McLelland et al., 2001; Selleck, 
2005; Valley et al., 2011). 
2.3 Rock Types, Eastern Adirondack Highlands 
The following are descriptions of the major rock units of the eastern Adirondack 
Highlands. Specific descriptions of units found within the Hammondville district will be 
presented in a later section. 
Multiply deformed metasedimentary rocks are common throughout the 
Adirondack Mountains, and were interpreted to have been deposited in a shallow marine 
setting >1200 Ma (McLelland et al., 2001a; Rivers, 2008; McLelland et al., 2013; Regan 
et al., 2015). They include marbles, quartzites, calc-silicate gneisses, biotite gneisses and 
amphibolites (McLelland et al., 1996; Regan, 2011). They are typically very well 
foliated, and are commonly well layered, displaying strong deformational fabrics and 
large regional folding (McLelland et al., 2013).  
The ca. 1150Ma Anorthosite-Mangerite-Charnockite-Granite (AMCG) suite of 
plutonic rocks is exposed throughout the Adirondack Highlands (McLelland et al., 2013). 
As the name suggests, this period of magmatism was dominated by the emplacement of 
large bodies of anorthosite, mangerite, charnockite and granite, many of which contain 
granulite facies assemblages (McLelland, 2004). This suite has been interpreted as being 





extensive anataxis of the lower continental crust during the1090-1059 Ottawan orogeny 
(McLelland et al., 2013; McLelland, 2010b; Regan et al., 2011). However, the timing of 
this fabric is disputed by some workers (McLelland, 2001; Chiarenzelli, 2011). 
2.4 Lyon Mountain Granite (LMG) 
An important rock type in the Adirondack Highlands, and a focus of this thesis, is 
the ca. 1060-1050 Lyon Mountain Granite (Fig. 5). It is interpreted as the youngest of the 
major Grenville plutonic series, as it commonly cross-cuts the AMCG suite (McLelland 
et al., 2001). It is an A type leucogranite that typically possesses layering defined by 
concentrations of magnetite, amphibole, ±biotite, ±pyroxene, but it can be massive and 
not exhibit any foliation or layering (Postel, 1952; McLelland, 2001; Chiarenzelli et al., 
2017). The LMG can be grey to pink in color, depending on the dominant feldspar 
constituent, and may be darker depending on the amount of mafic minerals present 
(McLelland, 2001; Valley, 2011).  
Lyon Mountain Granite (Table 1) is intimately related to magnetite 
mineralization hosting nearly all of the large economic magnetite deposits in the 
Adirondack Highlands (Valley, 2011). Large bodies of LMG are located along the 
northern and western periphery of the Adirondack Highlands with smaller plutons along 
the eastern edge (Fig. 5) (Regan 2014; Chiaranzelli and McLelland, 1991; Valley et al., 
2011; McLelland et al., 2013). Historically, the LMG has been referred to as a granite, a 
gneiss, or, most recently, a granite-gneiss (Postel, 1952). In part, the discrepancy results 
from the fact that although commonly layered, only some exposures record a 






Figure 5: Distribution of Igneous and Meta-igenous suites, including the LMG, in the Adirondack Mountains. (Regan, 
2015; Modified from McLelland, 2004). 
 
 









lacking any visible layering (Postel, 1952). In other localities LMG has a relatively strong 
layering defined by a planar arrangement of mafic minerals or variation in grain sizes 
(Fig. 6) (Postel, 1952; Chiarenzelli, 1991; McClelland, 2001a., etc). McLelland (2001) 
interpreted the lack of regional strain in the LMG as evidence that it was emplaced after 
regional tectonism. The syn- to post deformational period for emplacement was 
supported by Selleck (2005) who documented the emplacement of LMG within the ca. 
1045-1037 Ma Carthage Colton Shear Zone. 
 
The LMG has been separated into subunits by several workers based on the 
primary feldspar phase present (Postel, 1952; McLelland et al., 1988; Chiarenzelli et al., 
1991; Valley, 2011). Valley (2011) recognized and described three separate LMG 
subunits based on the major feldspar constituent; perthite, microcline, and albite. The 
perthite bearing variety is the most abundant of the three types of LMG and was 
interpreted as the original igneous composition of the rock (Chiaranzelli, 1991; Valley, 
2011). It is interpreted as having been emplaced between 1060 and 1050 Ma based on 
U/Pb zircon geochronology (Chiaranzelli, 1991; McLelland, 2002; Valley, 2011). 
Magnetite is commonly the principal mafic component with minor amounts of biotite, 
hornblende and clinopyroxene (Chiaranzelli, 1991). 
The microcline dominated variety of LMG is typically pink in color and as with 






Figure 6: Example of a very well interlayered albite-quartz LMG and magnetite-apatite from near the Skiff Mine, 













variety was recognized by Postel (1952) with mafic components dominated by 
clinopyroxene and biotite. Valley et al. (2011) interpreted the microcline bearing variety 
as the result of a hydrothermal alteration by potassic fluids after emplacement and 
crystallization of the igneous protolith. However, it is unclear how long after 
crystallization alteration occurred because U-Pb zircon ages are statistically identical to 
that of the microperthite bearing variety (Valley, 2011). 
The albite bearing variety of the LMG is most relevant to this study, as it is host 
to most of the economic magnetite-apatite deposits in the eastern Adirondack Mountains. 
It is the second most abundant of the three varieties of LMG. It is interpreted as being the 
result of sodium rich hydrothermal alteration, replacing perthite with albite to levels > 
Ab90 (McLelland, 2002: Valley, 2011). Based on U/Pb dating of zircon grains within the 
albitized (Na-altered) feldspar, Valley et al.  (2011) interpreted this alteration to have 
taken place tens of millions of years after the emplacement of the igneous protolith. 
2.5 Geochronology/Geochemistry 
Extensive geochemical analysis has been performed on the LMG throughout the 
past half century (Postel, 1952; McLelland et al., 1988; Chiarenzelli et al., 1991; 
McLelland, 2002; Selleck et al., 2005). The most recent substantial contributions were by 
Valley et al. (2011) and Chiarenzelli et al. (2017). Whole-rock geochemistry of the LMG 
acquired by Valley et al., (2011) shows that it is a peralkaine to peraluminus leucogranite 
of ferroan compositions, which is in agreement with past studies (Valley et al., 2011) 















variety of LMG, the likely result of post-emplacement hydrothermal alteration (Valley, 
2011).  
Rare earth elements (REEs) display a slight negative slope on chondrite-
normalized diagrams with a negative europium anomaly. There is an enrichment in large-
ion lithophile elements (LILE) and depletion in high field strength elements (HFSE) (Fig. 
8 & 9) (Valley et al., 2011). Taken together these data suggest that the LMG, although 
perhaps subsequently altered, was formed by the melting of crustal material in an 
extensional tectonic setting (Chiarenzelli et al., 2017).  
Postel (1952) interpreted the LMG as the youngest of the granitoid rocks in the 
Adirondack Highlands. Since then, extensive U-Pb zircon geochronology has been 
carried out on the LMG throughout the Adirondack Highlands (Postel, 1952; Chiarenzelli 
et al., 1991;2017; McLelland et al., 2002; Valley et al., 2011). Zircon grains commonly 
contain heterogeneous textures with cores surrounded by oscillatory rims. Some grains 
include an “outer core” that also exhibits oscillatory growth. There are also homogenous 
grains that can be completely oscillatory zoned or show no zoning at all, similar to the 
un-zoned rims previously mentioned (Chiarenzelli et al., 1991; Valley et al., 2011; 
Chiarenzelli et al., 2017). Inner cores from the heterogeneous grains commonly yield 
dates around 1150 Ma, while outer cores, rims and many single grains yield dates from 
around 1050 Ma to as young as around 1000 Ma (Chiarenzelli et al., 1991; McLelland et 
al., 2002; Selleck, 2005; Valley et al., 2011; Chiarenzelli et al.,2017).  
Most previous workers interpret that the older 1150 Ma cores represent inherited 

















Figure 9: Incompatible element diagram from perthite variety LMG, whole rock geochemistry. (data from Valley et al., 
















igneous age of LMG crystallization (Chiarenzelli et al., 1991; McLelland et al., 2002; 
Valley et al., 2011; Selleck, 2005; Chiarenzelli et al. 2017). Some of the younger dates 
are interpreted as representing later hydrothermal events such as the potassic and sodic 
alteration events that Valley (2011) suggests is responsible for the different types of 
LMG. 
Recently, Aleinkoff et al., (2015) questioned these findings and suggested that the 
1150 Ma cores record the actual igneous ages of the LMG and the rims reflect subsequent 
metamorphic events. These data are highly controversial because some workers believe 
they ignore important field relations and rely too heavily on U/Th ratios to distinguish 
igneous and metamorphic zircon. Workers argue that the new data would suggest that the 
LMG crosscuts younger rocks. In addition, some of the “younger” rocks contain a 
deformational fabric, which is lacking in the LMG. Further work will be needed to 
understand the validity of the new interpretation, Recent work by Chiarenzelli et al 
(2017) supports the younger age. 
2.6 Magnetite Mineralization 
Magnetite is the primary mafic igneous mineral in the LMG. The LMG is host to 





relationship between the two. Magnetite occurs to some extent in all three varieties of 
LMG, generally disseminated as small anhedral to euhedral grains (Valley, 2011). In the 
case of the perthitic variety, magnetite may be the only mafic phase present (Postel, 1952; 
McLelland, 2001, 2002; Valley, 2011). As with all the varieties of LMG, varying 
abundances of magnetite may define a weak to medium layering. 
The magnetite deposits Postel (1952) described as “irregular masses”, are large 
concentrated seams that occur in the sodium altered albite bearing variety of LMG 
(Postel, 1952; McLelland, 2002; Valley, 2011). Surrounding the deposits is distinct 
magnetite layering that typically increases approaching major seams (Fig. 6), and may 
display minor folding (Valley, 2011). These deposits are described as Iron-Oxide-
Copper-Gold (IOCG) deposits of the Kiruna-type (Selleck et al., 2004; Valley et al., 
2011). This name comes from magnetite-apatite mineral deposits in Kiruna, Sweden that 
primarily contain magnetite and apatite with insignificant amounts of gold and copper 
(Valley et al., 2011). Despite the extensive research performed on similar magnetite-
apatite deposits across the globe, the question of whether they are magmatically or 
hydrothermally derived is still a source of contention (Dare et al., 2014. 
Early European settlers made note of the magnetic sands along the shores of Lake 
Champlain and large seams of this magnetite were actively mined until the 1980s. Some 
of these mines stretched beneath Lake Champlain, which is the eastern border of the 
Adirondack Mountains.  
Renewed interest in deposits has arisen because of the associated REE bearing 





2011). In order to evaluate the setting and possible reserves, the USGS launched a 
mapping project focused on the eastern Adirondack Mountains where many of these 
mines are located. Past work has reported that major seams of magnetite mineralization 
are located within the axis of isoclinal folds (Postel, 1952; Hagner and Collins, 1967; 
Foose, 1995; McClelland et al., 2002).  
2.7 Eagle Lake Quadrangle 
The Eagle Lake 7.5’ quadrangle (Fig. 10) is located in the eastern Adirondack 
Mountains of New York, between the Paradox quadrangle to the west and the Crown 
Point quadrangle to the east. The geology of the area was researched at the beginning of 
the 20th century by Ogilvie, (1905). Three years later an economic study of the Eastern 
Adirondack Mountains, by Newland and Kemp, was published (Newland and Kemp, 
1908). Additional research was conducted in the Hammondville area for the purpose of 
mining, however, it was all lost in fires at the mine offices (Kemp, 1899). In 1952, Postel, 
working with the USGS, compiled a report on the magnetite ores of the eastern 
Adirondack Mountains and the associated geology (Postel, 1952). The most 
comprehensive geologic map of the Eagle Lake quadrangle was published by Walton 
(1973)(Fig. 11). It shows highly deformed units of the Grenville Supergroup, along with 
a portion of an anorthosite pluton in the northwest and a large pluton of the LMG in the 
southwest. New, 1:24,000 scale mapping of the quadrangle was initiated by the USGS in 








The Eagle Lake quadrangle is host to several large magnetite bodies that were 
mined as a source for iron in the 19th century. The historic mining town of Hammondville 
(consolidated in 1872) was centrally located between three major seams. The seams were 
exhausted in the late 1800s (the Hammond pit in the 70’s, the Penfield pit in the 80’s and 
North pit 1892) (Fig. 12) and the town was dismantled in 1892. At its peak, there were 
700 permanent residents, roughly 50 buildings including churches, shops, furnaces for  
 













Figure 11: Portion of the Eagle Lake Quadrangle geologic map, by Matt Walton of the USGS, Published 1973. The 

























processing ore, and a narrow gauge railroad extending to Lake Champlain to transport ore 
to market. Nothing, including the large train trestle east of town, remains today except for 
overgrown cellar holes and a forest littered with dangerous holes and pits.  
The Hammondville district is located in the southwestern portion of the Eagle 
Lake quadrangle within a large pluton of LMG (Fig. 11). Another smaller mining 
operation was located on Skiff Mountain (Fig. 11), several kilometers SSW of 
Hammondville. The Skiff Mountain mine also produced magnetite from seams hosted in 
LMG, and it was discovered that apatite enriched in REEs is associated with the 















There has been renewed interest in the Eastern Adirondack Mountains because of 
the discovery of the Eastern Adirondack Shear Zone (Wong et al., 2012) and the elevated 
levels of REEs associated with magnetite mineralization (Valley et al., 2011; Lupelescu, 
personal correspondence, 2014). The United States Geological Survey (USGS) has 
initiated a new mapping effort in the Adirondack Mountains starting with the Eagle Lake 
quadrangle. A more detailed 1:10,000 scale map was produced (this study) of the area in 
and around the Hammondville mining district in order to understand possible REE 
potential. In addition to mapping, sampling of rock units, especially of magnetite seams 
and the immediate host rocks, was carried out for petrographic and geochemical analyses. 
This was combined with detailed structural analysis to understand the setting and 
distribution of potential reserves. 
Mapping of the quadrangle began during the summer of 2014 by University of 
Massachusetts PhD. candidate Sean Regan and Master’s student Phillip Geer. Regan was 
charged with 1:24,000 scale mapping of the Eagle Lake quadrangle, excluding the area 
around Hammondville, which was to be carried out by Geer as part of this master’s 





emplacement of the LMG and associated magnetite mineralization in the historic mining 
region of Hammondville, within the eastern Adirondack Mountains. 
Outcrops were plotted on a topographic base map, while GPS coordinates were 
recorded in field book along with a description of the mineralogy, texture and any visible 
structures. Latitude and longitude was also recorded digitally using a Garmin handheld 
GPS unit supplied by the USGS. Structural data was described, measured and recorded, 
noting if any samples and/or pictures had been taken of the outcrop. Compiled structural 
data were later sorted and plotted using GEOrient1 (Holcombe, 2011) in order to display 
data on stereographic projections, while digital data were used to compile a geologic map 
in ArcGIS. All information will eventually be available in a geodatabase released by the 
U.S. Geological Survey. 
3.2 Sampling and Analysis 
Oriented samples were vital for many aspects of this project including identifying 
varieties of LMG, distinguishing igneous and metamorphic textures, identifying zones of 
deformation, interpreting kinematics and locating monazite for geochronological 
analysis. Samples were oriented and labeled in outcrop before collection. If samples 
could not be oriented or seams were not accessible, samples were taken from as close as 
possible and labeled accordingly. The main targets of sampling for this thesis were major 
seams of magnetite mineralization, the associated host rocks, the different varieties of 
LMG and examples of other lithologic units. Samples were re-oriented in the labs at the 
University of Massachusetts and slabs were cut perpendicular to foliation, and if possible, 






1 Holcombe, R. 2011GEOrient. http://www.holcombe.net.au/software/ 
 
Billets were then cut from the slabs and sent to Quality Thin Sections, in Tucson  
Arizona, and the Saskatchewan Research Council, Saskatoon, Saskatchewan, where they 
were prepared, mounted and polished. Petrologic thin sections were observed under 
petrographic microscope. Mineralogy and texture were described and sketches were 
made of texture, fabrics, kinematics, noteworthy features and relationships that could add 
to the understanding of the rocks.  
 
Selected samples were coated with a thin carbon coat and compositional maps 
were made using a Cameca SX-50 electron microprobe at 300nA current, at 15kV. 
Sodium, yttrium, cerium, calcium and iron intensities were mapped in order to locate 
monazite for dating, while simultaneously observing textural relations in the host. When 
monazite was discovered, grain maps were processed and locations within the grains 
were selected for U-Th-total Pb dating using the Cameca SX-100 (“Ultrachron”), at the 
University of Massachusetts, Amherst (Williams et al., 2017).  
47 “pristine” samples of ore and neighboring host rock, were cut and sent to 
Bureau Veritas Commodities Canada Ltd., of Vancouver, British Columbia, Canada, for 
whole rock X-ray fluorescence (XRF) of major and inductively coupled plasma-mass 





discrimination diagrams, chondrite normalized REE diagrams and trace element spider 





The goal of this master’s thesis research was to document and characterize the 
regional structure, rock types, geochemistry, and microstructure of the area in and around 
the Hammondville mineral deposits. The results, although largely in agreement with past 
work, also offer new insight into the formation of the Hammondville pluton and the 
magnetite-apatite mineralization. 
4.1 General Structure of the Hammondville Area 
The map of the Hammondville district was compiled as part of this project during 
the summers of 2014 and 2015 for the United States Geological Survey (Fig 13.). The 
most prominent map-unit is the large granitoid body named the Hammondville Gneiss by 
Newland (1908), which is interpreted to be a body of LMG, and now called the 
Hammondville Pluton. Chiarenzelli et al. (2017) suggested that the larger bodies of LMG 
within the Eagle Lake quadrangle occupy the hinges of large open folds. Inclusions of 
other rock types are evident throughout the pluton as xenoliths and screens, some over a 
kilometer in length. The pluton is surrounded by older rocks that have a general N-S 





section. The individual rock types are discussed below. Several dominant features of the 
pluton include the N-S trending fold that closes south into the pluton (Fig 13.), cored by  
 











para-gneiss and charnockite in the centerof the fold, and the generally E-W trending folds 
defined by the xenoliths. Both orientations of folding have been recognized throughout 
the Eagle Lake quadrangle (Regan et al., 2015). There are also much younger N, NE 
trending faults that crosscut previous structures. The faults commonly contain un-
deformed, vertical mafic dikes.  
4.2 Rock Types 
Amphibolite is one of the most common rocks in contact with, and as xenoliths 
within the LMG, typically with a distinct “salt and pepper” appearance (Valley et al., 
2011). Amphibolite units tend to be very well foliated, fine to medium grained and are 
composed of hornblende, plagioclase, biotite, ± garnet, although the proportions vary. It 
is common to observe portions of the amphibolite that also contain diopside. There is also 
an irregularly layered variety that has a stained reddish orange color and is dominated by 
an L-type fabric (Fig. 14).  
Biotite gneiss is commonly associated with amphibolite and is composed of 
medium grained feldspar, biotite, hornblende, quartz, ±garnet, ± magnetite.  It is similar 
in appearance to the amphibolite but is slightly lighter in color due to the increased 
abundance of quartz. It is a very well layered, platy rock that commonly exhibits a strong 
penetrative fabrics. 
Calc-silicate and marble are minor components in the area and are commonly 





weathered texture as a result of differential weathering. Calc-silicate gneiss is similar in 
appearance to well foliated amphibolite or biotite gneiss, however, it is composed of  
 













coarse diopside, biotite, dolomite, quartz, ± garnet. Both units effervesce in HCl, 
however, the calc-silicate must be powdered first. The texture of marble is typically 
poorly exposed as a result of chemical weathering, however, more resistant minerals like 
quartz generally define a foliation. The calc-silicate gneiss is very well foliated.. 
Mangerite/charnockite are rock types that are part of the anorthosite-mangerite-
charnockite-granite (AMCG) suite of rocks, common in the Adirondack Highlands. They 
generally occur in the northern part of the Hammondville region, and are composed of 
orthopyroxene, plagioclase, K-feldspar, quartz, hornblende, ± garnet. They are light 
colored, equigranular, fine to medium grained rocks. They typically possess a strong 
penetrative fabric and commonly exhibit localized folds, however, portions lacking a 
conspicuous fabric can easily be confused with the LMG. Magnetite content is very low 
to non-existent within this unit allowing for the less deformed portions to be 
distinguished from LMG.   
A minor rock unit that was not previously documented, is a medium to well 
layered megacrystic granitic gneiss containing biotite +/- garnet. It is composed of 
plagioclase, microcline, hornblende, biotite, quartz, +/-garnet, +/- pyx, +/- mgt. It is a 
light pinkish to greyish colored rock, typically associated with amphibolite outcrops. At 
first, this unit was thought to be a variety of LMG that had digested the neighboring 
amphibolite, however, upon further inspection, it displays gneissic layering that is 







4.3 Lyon Mountain Granite 
The LMG is the dominant rock type in and around the Hammondville mining 
district (Map 1). It is an equigranular leucogranite of medium grain size, typically 
composed of feldspar (perthite, albite or microcline), quartz, ± magnetite, ± hornblende, ± 
pyroxene, ± biotite, ± titanite, ± apatite. All three varieties of LMG have been recognized 
within the Hammondville pluton (Postel, 1952; Valley et al., 2011). They are 
distinguished by micro-perthite, microcline or sodic plagioclase as the dominant feldspar. 
The microcline and micro-perthite varieties of LMG can only be identified using a 
microscope, and as such, constraining the spatial distribution is beyond the scope of this 
thesis. It is possible to identify the albite variety in the field because the albite twinning is 
typically visible in hand-sample. Significant magnetite deposits are exclusively hosted by 
the albite variety of LMG, however, the occurrence of albite granite does not always 
indicate significant magnetite mineralization. 
The LMG is typically a light colored greyish to pinkish rock that is typically 
distinctly magnetic. Magnetite is commonly the only mafic mineral present within the 
LMG (Miller, 1919). Although layering is nonexistent in some outcrops, the LMG 
typically possesses a weak fabric defined by either the varying abundance of mafic 
minerals, which commonly increase in close proximity to other rock types, or a variation 
in grain size (as described by Postel, 1952). The variation in grain size can make the rock 
appear to contain thin, discrete repeating parallel pegmatites up to 2 cm thick made of 





throughout other parts of the pluton. Layering, defined by mafic minerals ranges from 
subtle, to discrete dark layers up to several cm thick that are particularly common in the 
vicinity of ore deposits, giving the appearance of gneissic banding. The layering 
surrounding deposits is predominantly composed of magnetite but may include minor 
amounts hornblende, biotite, pyroxene and apatite. Seams of magnetite are similar in 
mineralogy to the magnetite layering throughout the LMG, however, they can be up to 
several meters in thickness. Localized folding is commonly visible in magnetite layers 
around seams, and in mafic layering around digested xenoliths. 
Quartzofeldspathic pegmatite dikes that are parallel to, and crosscut, layering are 
common throughout the Hammondville pluton (Fig. 15). They are typically associated 
with xenoliths and other lithologic contacts where they contain minerals from the 
associated rocks (Fig. 16). Valley et al., (2011) dated a pegmatite dike crosscutting the 
LMG several kilometers south of Hammondville at the base of Skiff Mountain with an 
age of 1030.4± 1.8 Ma. Magnetite bearing pegmatites are important to this thesis and will 
be discussed further below. Quartz veins are also prevalent throughout the LMG ranging 
from millimeters to tens of centimeters in thickness. The veins commonly reveal 
localized folding, although the timing is unknown (Fig. 17). Many of the pegmatites in 
the Hammondville district may be related to the ca 1040-1016 Ma pegmatite dikes 
identified across the Adirondack Highlands (Selleck et al., 2004), however there are also 
many in the surrounding rocks that clearly predate the LMG. Pegmatites exist in 
abundance within other units in and around the Hammondville pluton, and commonly 





biotite (Fig. 18). Principally, the pegmatites are quartzo-feldspathic and commonly 
contain globular magnetite and books of muscovite and/or biotite.  
The typically light pinkish or greyish colored LMG, in some instances takes on a 
darker color due to contamination when in close proximity to other rock types (Fig. 19).  
 
Figure 15: Quartzo-feldspathic pegmatite crosscuts layering in an outcrop of LMG  
 
Figure 16: Pegmatite in the contact between LMG (top) and para-gneiss (below pic). Notice the large pyroxene crystals 







               
Figure 17: Large quartz veins parallel to layering within the LMG 
 








Figure 19: Example of deformed amphibolite xenolith “fingers” in LMG. It is typical for the LMG around xenoliths to be 











This is interpreted to reflect assimilated portions of wall rocks or screens near contacts. 
This commonly causes difficulty in identifying contacts especially when other rock types 
are composed of similar mineral assemblages such as the hbd/bt-gneiss, 
charnokite/mangerite or certain varieties of paragneiss. 
The origin of layering in the LMG has had varied interpretations. Miller (1919) 
interpreted an igneous layering, while Postel (1952) interpreted a gneissic fabric. Despite 
the common occurrence of a planar fabric in the LMG, it contains relatively little 
evidence of sub-solidus deformation. The planar fabric within the LMG, with only 
localized deformation, was also documented throughout the rest of the Eagle Lake 
quadrangle by Regan during mapping between 2014 and 2016. The majority of samples 
investigated for this study display igneous textures with interlocking, sub-symmetric 
feldspar and quartz, commonly associated with euhedral magnetite (Fig. 20 A.). 
Examples of localized deformation, including folding, grain size reduction and smearing, 
are typically recorded in samples collected in and around areas of major magnetite 
mineralization. They exhibit stretched magnetite crystals amid feldspar and quartz that 
experienced grain size reduction and show strong undulatory extinction and core-mantle 
structures under petrographic microscope (Fig. 20 B.). A shear zone exhibiting a strong 
penetrative fabric and smeared, reduced grain sizes was observed in LMG on the western 
slope of “Hill Number 8” (Fig 13.) more than 100 meters from the closest magnetite 
deposit. It is unclear how wide a zone it is due to impeding ground cover, but perhaps 





Whole-rock geochemical analyses were performed on 17 samples of Lyon Mountain 
Granite from the Hammondville district (Table 2). The samples were collected adjacent  
 
Figure 20: A) Typical sample of albite altered LMG with nice interlocking igneous texture and lack of a deformational 
fabric. Sample (EL4342b) collected next to mine opening in near Penfield mine. B) Sample of deformed albite altered 
LMG displaying grains size reduction and deformational fabric highlighted by stretched/sheared magnetite. Sample 









  EL1616a  EL1616b  EL1819  EL1820  EL4030B  EL4043A  EL4043B  EL4235  EL4238  EL4341  EL4342A  EL4342B  
Wt%  
SiO2  75.09  18.53  17.10  66.42  29.69  71.18  46.20  23.60  72.89  33.72  47.69  74.88  
Al2O3  1.26  0.63  0.73  14.90  1.03  11.41  0.87  0.57  11.45  0.53  6.59  12.62  
Fe2O3  4.76  73.48  75.89  7.11  57.52  6.91  41.28  76.47  5.68  63.58  39.61  3.07  
CaO  0.49  5.52  2.93  0.46  7.82  1.15  6.69  0.75  0.73  1.63  0.28  0.39  
MgO  0.17  1.42  0.71  0.68  2.85  0.92  3.05  0.43  0.14  0.64  1.92  0.60  
Na2O  6.09  0.76  0.05  8.16  1.95  6.59  1.50  0.18  5.34  0.11  2.78  7.25  
K2O  0.54  0.02  0.07  0.39  <0.01  0.19  <0.01  <0.01  2.15  0.01  0.23  0.18  
MnO  <0.01  0.17  0.09  0.01  0.18  0.04  0.14  0.06  0.02  0.07  0.03  0.02  
TiO2  0.31  0.87  1.43  0.66  0.35  0.24  0.23  0.16  0.33  0.18  0.55  0.38  
P2O5  0.02  0.37  0.26  <0.01  0.06  0.03  <0.01  0.04  0.01  0.04  <0.01  0.04  
Ba  0.02  0.02  0.01  <0.01  0.01  0.02  <0.01  <0.01  0.02  <0.01  <0.01  <0.01  
LOI  0.32  -1.80  -0.33  0.35  -1.36  0.37  0.03  -2.01  0.32  -0.51  0.08  0.51  
SUM  99.07  100.01  98.95  99.16  100.11  99.04  100.01  100.25  99.09  99.97  99.76  99.94  
PPM  
Ba  14  6  20  24  <1  5  3  5  48  2  8  16  
Be  10  32  10  2  55  17  34  1  11  <1  <1  9  
Co  19.9  35.9  22.9  2.1  38.6  24.6  27.8  32.0  18.9  33.3  19.2  15.4  
Cs  <0.1  <0.1  0.4  <0.1  <0.1  <0.1  <0.1  <0.1  <0.1  <0.1  <0.1  <0.1  
Ga  37.5  31.1  29.4  32.1  11.5  34.7  9.7  9.2  36.9  12.0  12.5  23.9  
Hf  35.4  4.2  4.2  21.3  7.1  33.5  6.0  1.5  35.5  1.0  6.3  26.2  
Nb  54.8  29.2  14.0  19.7  8.4  36.9  5.3  22.1  56.3  3.1  54.2  34.2  
Rb  9.1  2.4  7.2  4.3  0.7  4.9  1.3  0.4  75.8  0.2  3.7  3.9  
Sn  12  33  30  41  25  11  25  17  14  8  29  9  
Sr  26.2  6.7  24.0  31.7  8.5  34.2  13.4  3.5  27.6  17.5  15.1  29.0  
Ta  3.7  1.1  0.4  1.8  0.6  3.4  1.0  0.6  4.2  0.6  2.4  2.4  
Th  32.7  44.3  8.4  11.2  8.9  26.1  2.0  1.6  28.0  <0.2  3.1  28.7  
U  10.9  5.3  2.0  4.8  1.7  9.5  1.3  2.3  5.7  <0.1  0.5  5.5  
V  10  83  89  <8  63  10  53  21  <8  21  18  9  
W  150.5  49.4  <0.5  <0.5  136.9  159.5  119.8  165.5  174.8  199.1  111.4  153.3  
Zr  1312.1  96.2  110.5  858.6  170.8  1234.1  158.0  56.4  1293.3  26.5  237.1  1065.7  
Y  126.0  283.5  189.1  41.1  153.3  155.0  145.1  16.0  204.4  19.5  14.1  119.5  
La  103.5  146.1  76.1  10.9  127.9  176.5  30.4  3.3  110.4  10.0  4.0  60.4  
Ce  272.7  358.0  186.8  33.0  248.5  330.8  92.4  9.6  254.7  16.2  8.7  150.0  
Pr  27.95  44.98  24.71  4.72  28.49  36.05  13.61  2.00  31.47  2.29  1.23  20.47  
Nd  112.3  198.5  107.1  20.4  104.1  134.9  62.6  12.6  129.6  9.6  5.7  89.8  
Sm  23.70  42.65  24.22  5.76  21.60  24.92  16.35  3.98  30.05  2.21  1.47  21.31  
Eu  1.64  3.53  2.14  1.40  1.98  2.20  1.77  0.82  2.40  0.37  0.32  2.37  
Gd  23.88  48.42  27.26  5.55  24.51  24.99  20.76  3.61  33.66  2.45  1.56  22.41  
Tb  3.90  7.57  4.78  1.04  4.09  4.11  3.59  0.49  5.90  0.46  0.30  3.92  
Dy  25.01  46.68  29.91  7.10  25.84  26.25  23.17  2.79  36.61  3.26  2.07  25.13  
Ho  5.17  10.11  6.74  1.78  6.07  5.87  5.65  0.52  7.99  0.71  0.46  5.32  
Er  15.83  31.57  20.68  5.98  20.33  17.31  18.10  1.61  23.44  2.35  1.54  15.56  
Tm  2.44  5.04  3.43  0.99  3.67  2.79  3.47  0.25  3.60  0.41  0.24  2.38  
Yb  15.70  37.42  24.87  7.12  35.53  20.52  33.80  1.86  23.40  3.26  1.83  15.45  
Lu  2.22  7.21  4.80  1.22  8.67  3.77  8.59  0.33  3.53  0.59  0.32  2.43  
Mo  0.6  1.4  1.3  0.9  0.9  0.3  0.5  0.5  0.4  0.5  0.3  0.2  
Cu  8.9  0.5  1.5  3.8  0.4  6.5  0.6  0.5  1.7  9.7  0.9  2.9  
Pb  2.2  2.5  0.6  0.4  0.6  1.3  0.5  0.2  1.0  <0.1  0.2  1.0  
Zn  5  17  35  18  8  11  11  12  18  7  26  6  
Ni  1.1  8.6  21.5  3.6  9.0  2.3  5.6  5.2  0.5  4.4  1.0  1.0  
As  <0.5  1.6  1.1  0.5  1.2  <0.5  <0.5  3.9  <0.5  1.3  0.5  <0.5  





    EL4347a  EL4347B  EL4356  EL4357  EL4358  EL4359a  EL4364  EL4400  EL4400 B  EL4400 X  EL4404 A  EL4405 A  EL4405 B  
Wt%  
SiO2  70.45  45.22  25.87  67.34  53.37  18.26  33.94  26.13  72.95  33.29  20.28  34.35  71.92  
Al2O3  12.76  0.59  0.86  14.23  0.22  1.41  0.29  1.83  12.22  1.35  1.18  3.46  14.29  
Fe2O3  6.60  49.43  71.16  5.77  46.63  79.17  68.36  71.73  6.21  63.23  71.10  58.97  2.23  
CaO  0.34  2.09  1.80  0.81  0.01  0.23  0.06  0.13  0.32  0.68  4.58  0.43  1.47  
MgO  0.66  1.00  0.66  1.21  0.17  1.40  0.08  0.38  0.09  0.67  2.04  0.29  0.82  
Na2O  7.09  0.18  0.08  8.41  <0.01  <0.01  <0.01  0.80  6.94  0.47  1.05  1.88  6.91  
K2O  0.59  0.09  0.02  0.21  <0.01  <0.01  <0.01  0.05  0.19  0.07  0.07  0.14  2.09  
MnO  0.01  0.02  0.04  0.02  0.03  0.03  0.04  0.07  0.02  0.06  0.13  0.04  0.03  
TiO2  0.49  0.53  0.41  0.55  0.70  0.83  0.34  0.40  0.39  0.34  0.44  0.60  0.55  
P2O5  0.05  1.36  <0.01  0.06  <0.01  0.09  0.02  <0.01  <0.01  0.31  0.19  0.22  0.02  
Ba  0.01  0.06  <0.01  <0.01  <0.01  0.01  <0.01  <0.01  <0.01  <0.01  <0.01  <0.01  0.02  
LOI  0.22  -1.17  -0.47  0.39  -1.25  -0.99  -1.96  -2.20  0.00  -1.63  -1.45  -1.54  0.31  
SUM  99.29  99.41  100.42  99.02  99.86  100.38  101.11  99.31  99.34  98.85  99.64  98.84  100.67  
PPM  
Ba  37  2  2  21  18  8  <1  5  8  10  9  6  91  
Be  10  <1  <1  9  <1  <1  1  <1  8  4  24  <1  2  
Co  17.3  29.4  31.7  13.9  31.4  23.6  39.6  5.6  0.4  16.5  13.3  5.8  1.4  
Cs  0.4  <0.1  <0.1  <0.1  <0.1  <0.1  <0.1  <0.1  <0.1  0.1  0.1  <0.1  0.2  
Ga  26.6  16.9  18.1  30.7  12.5  11.4  7.2  14.0  25.7  19.0  18.3  10.0  23.8  
Hf  16.5  1.2  1.7  21.9  1.8  5.1  2.4  3.1  24.9  2.9  4.3  3.4  20.1  
Nb  30.4  152.2  14.7  30.2  15.6  19.7  13.4  35.6  21.8  27.0  21.6  57.0  36.5  
Rb  28.8  5.5  1.5  7.5  1.5  0.4  <0.1  0.7  0.8  4.0  5.8  3.0  43.3  
Sn  9  53  37  23  35  32  22  45  14  25  36  55  28  
Sr  39.1  17.7  20.0  42.0  1.3  5.4  1.3  7.8  23.5  8.5  13.8  18.2  56.5  
Ta  1.7  3.2  0.7  2.2  1.5  0.5  1.1  1.0  2.5  0.8  0.9  0.6  1.9  
Th  15.1  19.8  0.5  12.2  1.0  3.1  1.3  0.8  21.6  3.3  5.8  2.3  16.3  
U  5.4  4.1  0.9  5.3  1.0  1.2  1.0  0.7  4.0  1.3  1.5  0.7  4.4  
V  <8  16  24  <8  27  48  48  <8  <8  19  56  23  <8  
W  150.3  181.9  134.9  107.9  211.8  87.2  284.7  <0.5  <0.5  <0.5  <0.5  0.5  <0.5  
Zr  675.8  37.5  68.9  894.6  72.2  200.3  89.3  117.3  1001.3  109.3  118.5  142.0  805.2  
Y  76.1  388.1  31.3  67.3  8.3  36.2  20.5  9.9  39.6  118.9  152.4  59.7  116.0  
La  97.5  466.9  5.3  40.7  11.0  25.5  6.2  1.7  11.3  41.9  34.2  27.8  30.2  
Ce  173.7  841.4  8.4  117.6  26.6  60.0  13.3  4.4  29.4  102.6  96.2  67.7  109.0  
Pr  20.83  91.01  1.51  13.40  1.98  6.30  1.77  0.75  3.57  14.17  14.30  9.23  16.57  
Nd  80.3  346.1  7.8  55.1  7.0  28.8  8.2  5.0  15.5  62.7  69.7  38.7  72.8  
Sm  15.52  70.85  2.75  11.51  1.12  5.90  2.20  1.40  3.95  17.78  18.77  9.15  18.61  
Eu  2.64  12.16  0.58  1.92  0.20  0.88  0.28  0.27  0.55  2.20  1.94  1.58  2.25  
Gd  16.18  78.65  3.47  11.88  1.14  5.95  2.74  1.70  4.34  19.58  21.12  10.41  18.07  
Tb  2.49  11.70  0.70  1.86  0.19  0.99  0.49  0.32  0.91  3.29  4.03  1.81  3.40  
Dy  14.56  69.79  4.43  11.61  1.30  6.32  3.14  2.15  6.28  20.62  26.71  11.12  21.31  
Ho  3.19  14.59  1.08  2.43  0.30  1.37  0.71  0.48  1.61  4.15  5.82  2.20  4.42  
Er  9.20  41.85  3.54  7.68  1.07  4.00  2.17  1.65  5.33  12.34  18.52  6.17  13.56  
Tm  1.36  5.68  0.60  1.20  0.16  0.61  0.32  0.23  0.87  1.80  3.05  0.93  2.10  
Yb  9.19  34.32  4.49  8.84  1.04  3.92  2.29  1.42  6.31  11.06  24.52  5.51  13.68  
Lu  1.36  4.62  0.86  1.43  0.17  0.64  0.36  0.26  1.05  1.57  4.83  0.75  2.14  
Mo  0.3  1.6  1.1  0.2  0.4  0.4  0.9  1.3  1.0  1.7  0.7  0.4  0.7  
Cu  0.7  0.9  0.4  0.5  2.1  0.9  0.4  1.5  4.5  2.8  1.5  1.4  3.0  
Pb  0.5  1.1  0.1  0.7  0.4  0.2  0.2  0.2  1.0  1.7  2.5  0.3  0.6  
Zn  12  7  15  6  7  17  8  16  3  25  19  13  8  
Ni  0.9  3.5  20.9  0.4  4.8  7.4  9.5  2.7  0.7  22.1  15.3  7.1  1.5  
As  0.6  18.0  0.7  1.5  <0.5  2.5  1.2  <0.5  <0.5  1.3  1.9  7.2  <0.5  




to seams to understand the geochemistry of immediate host rock, and to compare with 
samples from the seams themselves, which will be discussed below. Data from these 
samples exhibit mostly unsystematic distributions of major elements on standard Harker 
diagrams with the exception of slight decreasing trends for MgO, TiO2, and an increase 
in the Fe2O3 versus SiO2 (Fig. 21). They plot in the ferroan field on the iron index 
diagram, and calc-alkalic to alkalic fields on modified alkali-lime index diagrams (Frost 
and Frost, 2001; Frost et al., 2008) (Fig. 22). They plot in the “within plate granite” and 
“ocean ridge granite” fields on Pearce diagrams (Pearce, 1984) (Fig. 22). Trace element 
diagrams display a spiky pattern with little variation between samples (Fig. 23). There is 
a slight negative slope on normalized REE diagrams, with a pronounced negative 
europium anomaly (Fig. 24). All of these data are consistent with results from previous 
studies and together suggests that the LMG could be the result of melting of recycled 
anhydrous crustal materials within an extensional tectonic setting (McLelland et al., 
2001a; Valley et al., 2011; Chiarenzelli et al., 2017).  
Quantitative analyses of plagioclase from several samples of the albite bearing LMG 
surrounding the magnetite seams, show them to be >Ab90 (Fig. 21). This is in agreement 
with past findings and suggests the albite rock was affected by extreme Na-metasomatism 
and replacement (Valley et al., 2011). 
4.4 Hammondville District Structural Data 
Layering within the LMG throughout the Hammondville pluton is concordant with the 















Figure 22: Pearce and Frost diagrams from whole-rock geochemistry of host LMG samples. 
 
 

















pluton. Overall, the mean principal orientation of all gneissosity from 610 measurements 
(including foliation of previously deformed rocks and layering within the LMG) strikes 
013, and dips 32 SE, while that of just LMG layering strikes 016, and dips 31 SE (Fig. 
25). The data show that layering and foliation clearly define a fold with an axis plunging 
30 to 124 (Fig. 25). 
The area in and around the Hammondville pluton is characterized by north-south, and 
east-west trending folds. These are defined by the layers of older rock types that exist as 
screens and xenoliths within the pluton. A large fold cored by mangerite and paragneiss 
is visible in the north, closing southward, and is cut by the Hammondville pluton (Fig. 
13). The fold is dominated by a north striking axial planar fabric. The southward 
continuation of the paragneiss from this fold-hinge has clearly been folded by an east-
west trending fold similar to those in several of the amphibolite screens located in the 
south of the pluton (Fig. 13). 
Several late faults cut the region, although the timing, kinematics and magnitude of 
displacement are unclear. The NE-SW trending fault just north of Ingalls Marsh evidently 
accommodated enough displacement to terminate the continuation of a magnetite seam 
across the valley where shallow prospects show miners searched unsuccessfully. In 
addition to faults, there are several mafic dikes that crosscut the region with a mean 
principal orientation of 034,88 SE. The ages of these dikes are also unknown, however, 
they are clearly younger then the LMG and the mineralization as they crosscut all 







Figure 25: Stereographic projections of gneissosity data collected around Hammondville. A) LMG. B) All genissosities. 











4.5 Xenoliths in LMG 
Numerous xenoliths and screens are present within the LMG throughout the 
Hammondville Pluton and range in length from centimeters to kilometers. Amphibolite 
and para-gneisses are the most common types, however, marble, calc-silicate and AMCG 
related plutonic rocks are also represented. Amphibolites are composed of hornblende, 
plagioclase, biotite, clino-pyroxene, ± garnet; paragneisses are composed of varying 
proportions of plagioclase, microcline, biotite, hornblende, quartz, +/-garnet, +/- 
clinopyroxene, +/- magnetite; calc-silicate is composed of diopside, biotite, dolomite, 
quartz, ± garnet. The xenoliths typically possess a strong deformational fabric that is 
parallel to the LMG and the surrounding country rock. Most of the structural data in 
figure 25 C are from amphibolite sills and xenoliths, which define a girdle that is nearly 
identical to data from the LMG. This could suggest that the xenoliths became entrained 
within the LMG and then were deformed, but the fabric is fundamentally absent in the 
LMG. However, our data identifies that it is a pre-existing fabric that was not 
significantly reoriented during intrusion of the growing pluton. 
 The LMG immediately adjacent to xenoliths is commonly contaminated with minerals 
from the xenoliths, and may include an abundance of quartz veins and pegmatites. LMG 
near amphibolite xenoliths offer the most visible example of this contamination due to 
the stark contrast in color between the dark mafic minerals in the xenoliths, and the 
predominantly lighter colored felsic minerals of the LMG. Contacts between the LMG 
and other rock types with similar mineral assemblages can be more difficult to identify. 





xenoliths. Portions of xenoliths are commonly fractured, boudinaged and at least partially 
digested within the LMG.  
Small isolated xenoliths, even when mafic, are commonly lighter in color than the typical 
rock type outside of the pluton, resulting from partial assimilation of LMG (Fig. 26). 
“Fingers” and apophyses of xenoliths commonly protrude into the surrounding LMG and 
can display shearing, folding and boudinage (Fig. 27). Wisps of mafic layers, far from 
any identified xenoliths, are regularly observed within clean exposures of LMG, 
particularly outcrops that have been bleached by the sun. These layers appear to be highly 
assimilated remnants of small xenoliths and are commonly folded and/or contain small 
shear zones (Fig. 28). These are relatively common features throughout the LMG pluton 
and are interpreted to record the breakdown and deformation of older xenoliths and 
screens during emplacement of the LMG. Large amphibolite screens in the southern 
section of the Hammondville pluton are characterized by large open folds with E-W 





























Figure 27: Multiple stages of deformation and shearing including the introduction of pegmatites are recorded by these 
layers of amphibolite in LMG. Localized deformation is not uncommon throughout the pluton, however, this outcrop 

























One of the main objectives of this project was to investigate the structural constraints on 
magnetite mineralization and associated REE bearing apatite in the Hammondville 
mining district. There are three main deposits in the district (Fig. 29). The Hammond pit, 
which reached depths over 1000ft, was exhausted in the 1870’s, while the Penfield and 
North Pits were exhausted in the 1880’s and 90’s respectively (Pope, 1971). The three 
deposits contain seams that were the main focus of mining, however, five basic styles of 
magnetite mineralization were identified throughout the Hammondville pluton during this 
study, all of which are associated with the deposits. The five types are: (1) magnetite as 
the principal mafic constituent dispersed through the LMG (2) deposits of highly 
concentrated magnetite seams (3) “gneissic layering”: zones of thin magnetite seams 
interlayered with albite bearing LMG (4) remobilized magnetite concentrations contained 
in pegmatites (5) columnar textured seams of nearly pure magnetite, commonly 
crosscutting surrounding layering. The different types are described in the following 
sections.  
5.1 Dispersed magnetite 
Dispersed magnetite, although commonly constituting the majority of the mafic minerals 
in the LMG, rarely accounts for more than around 5-10% of the total rock. It can be 
found dispersed evenly throughout the rock, concentrated in weak to strong layers (Figs. 
6 & 30), or may display thin irregular veins, perhaps the result of late fluid 































valuable information as to the source of mineralization, but a more robust sampling 
regimen would be needed and was beyond the scope of this study. 
5.2 Gneissic Mineralization  
Another form of mineralization is the well layered black and white magnetite-LMG 
gneiss. The term “gneiss” is a misnomer for the LMG, however, it resembles a gneiss and 
the term will be used in this thesis for convenience. The mineralization is mainly 
composed of layers of magnetite rich (mgt, hbd, cpx, qtz, ±ab, ±ap) rock interlayered 
with the albite variety LMG (Ab, qtz, mgt, ±ap). It is not uncommon for mafic layers to 
vary locally from more magnetite rich to a dominantly clinopyroxene or amphibole rich 
composition. Layers typically range from millimeters to several centimeters in thickness 
and display diffuse to discrete contacts with one another.  
Small isolated zones of magnetite gneiss can be found throughout the Hammondville 
pluton, but they are particularly common in the vicinity of magnetite seams, suggesting a 
genetic relationship between the two. Gneissic layering is generally concordant with the 
surrounding layering, however, it commonly contains small scale structures such as folds, 
boudins and shear zones (Fig. 31). This deformation is similar in appearance to that 
displayed throughout the LMG by small highly digested xenoliths and altered rims of 
larger xenoliths. There are commonly instances where folding recorded by the gneissic 
magnetite layering is not visible in nearby magnetite seams, even in the same outcrop.  
5.3 Seams 
The most extensive magnetite deposits consist of major seams (≥1m), with other lesser 















gneiss, which typically includes increased quantities of dispersed magnetite. Pegmatites 
are also commonly found within deposits, occurring both parallel to, and crosscutting 
mineralization.  
Magnetite seams typically range from centimeters to several meters in thickness, and are 
composed of Mag, Qz, Cpx, Ab, ±Amp, ± Bt, ±Ap, ±Zrn. Because of their thickness and 
high magnetite content, they were the most economically significant for iron mining. 
Seams can occur as single discrete layers within LMG, but are typically surrounded by a 
zone of well layered gneiss mentioned above. Whereas the magnetite/LMG layering 
displays diffuse transitions, seams typically have sharp boundaries with LMG and less 
discrete contacts within zones of gneiss. In some instances, variably digested amphibolite 
layers are associated with magnetite seams, typically on the boundary with the magnetite 
gneiss. Miller (1919) considered the amphibolite and other more mafic rocks to be the 
source of iron for the magnetite, as they were digested and dispersed into the intruding 
LMG magma. Pegmatites are also common in and around magnetite seams and tend to be 
accompanied by shearing and sub-solidus deformation. 
Magnetite seams commonly include fingers that protrude into the surrounding layers that 
can be folded and sheared. Seams may abruptly end with deformed stringers continuing 
along the layer direction, while others may pinch out (Fig. 32). Typically, the 
deformation exhibited by the seams is mimicked in the surrounding magnetite gneiss 
(Fig. 33 & 34). Seams generally parallel layering, however, there is an example of a seam 
that truncates layering at a slight angle indicating multiple generations of mineralization 












Figure 33: Pinching and swelling of magnetite seams in the Hammond Pit. The roof is the upper extent of the seam. It 





















5.4 Columnar Seam 
Columnar seams are distinctive because of the columnar texture and metallic sheen. They 
are typically only 10-15cm thick, or less, and composed of almost pure magnetite. 
Whole-rock geochemistry shows that they may be composed upwards of 95 weight 
percent Fe2O3. This type of seam both parallels and crosscuts layering, and in some cases 
even crosscuts other seams. It is commonly associated with pegmatites in smaller 
prospecting pits. 
5.5 Pegmatitic Magnetite 
Concentrations of magnetite occur in many of the pegmatites throughout the 
Hammondville Pluton. The magnetite found in pegmatites is commonly in the form of 
irregular veins or rounded blobs ranging in size from one to several tens of centimeters 
wide (Fig. 36). The rounded concentrations have the same metallic sheen as the columnar 
seams, and also tend to be almost pure magnetite.  Pegmatites can be parallel to or 
crosscut local fabrics including the economic magnetite deposits and may crosscut 
previous pegmatites indicating multiple generations. Pegmatites occur associated with all 
of the varieties of magnetite mineralization and are commonly found among seams and 
gneiss, however, they do not always contain magnetite. 
 
5.6 Ore microscopy and geochemistry 
Ore samples from the Hammondville deposits show a variety of textures and 




















grains and no preferred mineral orientation. Other samples clearly display a fabric with 
stretched and anastomosing concentrations of magnetite, and grain size reduction of the 
felsic minerals of the LMG (albite, quartz, ±hornblende, ±clinopyroxene). Sample EL 
4235 (Fig. 37), collected from the Hammond pit, displays a discrete shear zone that was 
confined to the weaker magnetite seam. The magnetite within the seam has been 
significantly sheared, forming magnetite fish within a mostly quartz matrix. The host 
rock immediately in contact with the seam exhibits grain size reduction, however, the rest 
of the sample has interlocking igneous texture. In other samples the host LMG records 
sub-solidus deformation while concentrations of magnetite record very little (Fig. 38). 
This latter example could suggest a later emplacement of some magnetite, or it could 
indicate that the magnetite was able to anneal more completely than the host, erasing 
signs of deformation. 
  Geochemical data from ore samples show considerably less systematic 
distributions on Harker discrimination diagrams than that of the host LMG. Fe2O3 is the 
exception, displaying a tight negative linear slope when compared to SiO2 (Fig. 39). 
Primitive mantle normalized incompatible element diagrams generally mimic that of the 
LMG, however, they show much more variation in abundances between different 
samples. Rare earth element (REE) diagrams also mimic the overall shape of those of the 
LMG. Like incompatible elements, REEs vary in concentration, with some samples 
particularly enriched in light rare earth elements (LREEs) (Fig. 39). The heterogeneity of 
incompatible and REEs within ore samples could suggest deposits experienced varying 







Figure 37: Compositional map of Magnetite seam-LMG contact. (A) Is an iron K-alpha map and shows the strain 
accommodated by the magnetite (bright; left). (B) Is a sodium k-alpha map and shows the igneous texture of the 








Figure 38: Strain is more restricted to the LMG portion of the sample, while the seam appears to be relatively 
untouched. This could be a result of preferential annealing by the magnetite, or it was deposited after strain. 
 
 
Figure 39: A tight linear negative slope show the relationship between ore and host LMG (left). Although there is more 






REE enrichment occurs in other iron-oxide deposits in the eastern Adirondack 
Mountains, where REE rich apatite has been discovered to be associated with iron 
mineralization (Valley et al., 2011; Lupelescu, personal correspondence). Valley et al. 
(2011) reported elevated concentrations of REE in apatite at the Skiff Mountain mine, 
which is several kilometers south of the Hammondville deposits. In addition to REE 
bearing apatite, the samples from Hammondville contain the REE rich mineral allanite, 
which typically exists as rims around apatite crystals (Fig. 40). The highest levels of 
REEs are from samples located in more gneissic magnetite/LMG zones that are relatively 















Figure 40: Compositional maps of sample EL4417 highlighting the REE enriched minerals associated with magnetite 
mineralization. A) Yttrium k-alpha map shows the allanite (bright) rims, along the B) apatite crystal, in this 










Characterization of magnetite-apatite mineralization within the Hammondville mining 
district can provide insight into Mesoproterozic tectonism within the eastern Adirondack 
Mountains, while offering implications for similar deposits throughout the world. The 
association of Na-metasomatized leucogranites with the layered magnetite deposits of the 
Adirondack Mountains, also exists in other magnetite deposits around the globe.  
The Hammondville pluton is a variety of the Lyon Mountain Granite, a mesoproterozoic 
leucogranite, which is common throughout the Adirondack Mountain Highlands. Three 
aspects must be considered in order to fully understand the iron (and REE) deposits: (1) 
the emplacement and alteration of the Hammondville pluton (LMG); (2) the pervasive 
presence of magnetite throughout the pluton; and (3) the nature and timing of the 
magnetite deposits themselves. These are each discussed in the following section. 
6.1 Discussion of Results 
The LMG generally contains a weak layering defined by a planar arrangement of mafic 
minerals and contains ductiley deformed xenolith and xenolith apophyses. However, the 
LMG crosscuts fabrics within surrounding rocks and there is minimal evidence for solid-
state deformation, except for very localized shear zones that are typically associated with 
major magnetite mineralization.  
Two possibilities for the lack of recorded deformation in the LMG is as follows: One, the 





in the surrounding rocks, but if so, the evidence of deformation was subsequently 
annealed from existence. Or two, layering could have been the result of magmatic 
emplacement along existing structure, xenoliths were partially digested and deformed 
prior to, or during, emplacement and shear zones resulted from late-stage deformation.  
A magmatic origin seems much more likely for several reasons. Ample zircon 
geochronology suggests the LMG was emplaced around 1050 Ma, post-dating the 
deformation recorded in the surrounding rocks (Chiarenzelli et al., 1991; McLelland et 
al., 2002; Valley et al., 2011; Selleck, 2005; Chiarenzelli et al. 2017). The 1050 Ma 
interpretation is widely supported by workers who have extensively researched the LMG, 
despite the reinterpretation of a much older emplacement age recently proposed by the 
USGS (Walsh, et al. 2015). Secondly, it seems extremely unlikely that such a thorough 
annealing of the pluton that could erase widespread sub-solidus deformation would have 
taken place without affecting the surrounding rocks, especially considering some rocks 
are compositionally similar to the LMG. Lastly, the LMG locally crosscuts the 
gneissosity, and includes countless xenoliths of the surrounding rocks in varying states of 
digestion, implying post-deformation emplacement. 
Structural evidence not only indicates the LMG is an igneous rock (Valley et al., 2011), 
but that it most likely represents the youngest plutonic rock in the Hammondville mining 
district. The LMG commonly crosscuts the foliation of surrounding rocks, contains 
countless xenoliths in various stages of digestion and lacks a penetrative fabric. This 
argues against recent models that suggest the LMG is actually much older and 





The intimate relationship between magnetite and the LMG is demonstrated by the 
pervasive occurrence of magnetite and the persistent magnetic susceptibility of the rocks 
throughout the Hammondville pluton. When Miller (1919b) documented the ores in the 
northern Adirondack Mountains, he suggested that “it would be useless to look for 
workable deposits of magnetite outside the areas of the Lyon Mountain Granite”. 
Magnetite occurs in all three of the compositional varieties of LMG, including the micro-
perthitic variety, which is interpreted to be the unaltered protolith. This suggests that 
magnetite was part of the original igneous composition.  
In addition to dispersed magnetite, some areas of the albite-altered LMG contain highly 
concentrated magnetite layers that commonly pinch and swell along strike and record 
localized folding. Much thicker magnetite seams are similar in composition and 
commonly include deformed appendages protruding into the surrounding LMG that may 
be deformed and sheared. The layers and seams are ubiquitously hosted by the albite-
altered LMG, however, albite-altered LMG does not always contain mineralization. 
Sodium metasomatism is also associated with magnetite deposits in other areas of the 
world suggesting a genetic relationship between sodic fluids and magnetite 
mineralization (Barton, 2014).  
Valley et al. (2011) suggested that sodium rich hydrothermal fluids episodically altered 
the LMG and deposited magnetite tens of millions of years after its emplacement. The 
main evidence comes from U/Pb ages from zircon within the albite altered LMG and 
deposits ranging from 1040 Ma to 1000 Ma (Valley et al., 2009; 2011). However, no 
fracture or conduit system was identified during mapping of the Hammondville that 





experienced a complete annealing event, this could have erased evidence of a conduit 
system, however, this seems unlikely as explained above. Alternately, the sodic alteration 
might best be explained by the introduction of sodium rich fluids associated with that of 
the magnetite rich magma into the LMG, before complete crystallization had occurred. 
Whether these fluids were released from the magnetite magma, or were separate 
hydrothermal fluids that coincided with the magmas emplacement is unknown. It is clear, 
however, that sodium alteration affected large areas of the pluton and occurred most 
likely while the LMG was still a crystal mush. 
A variety of timing relationships have been observed between magnetite mineralization 
and the host LMG. Magnetite seams generally parallel layering, however, there are 
examples of seams that crosscut previous layering. Fig. 35 shows an example of this from 
the Hammond Pit. The columnar variety of seam, which is almost pure magnetite, may 
crosscut both layering of LMG and other seams, suggesting multiple phases of magnetite 
injection.  
Late-stage strain seems mostly to have been accommodated by zones of concentrated 
magnetite. Narrow shear zones are generally localized within magnetite mineralization, 
and pegmatites that crosscut local layering are commonly associated. Sub-solidus 
deformation, however, is generally lacking in the surrounding LMG, suggesting that the 
weaker magnetite was able to accommodate most of the strain, even when massive LMG 
did not. Fluids related to the late pegmatites perhaps remobilized and deposited some 
magnetite, however, these deposits would be minor compared to the thick magmatic 






6.2 Models For Magnetite Genesis And Ore Formation 
Four alternative processes may explain the interlayered relationship between the LMG 
and magnetite mineralization, as well as the localized deformation and lack of a pervasive 
deformational fabric:  
1) The LMG may have been emplaced into the crust with abundant magnetite throughout 
the pluton. Magnetite rich hydrothermal fluids, perhaps due to leaching and alteration of 
the pluton, later deposited seams and layering parallel to the igneous layering within the 
LMG. Or alternately, magnetite layers and seams were emplaced into previously 
deformed LMG, mimicking the deformation. 
2) The LMG was emplaced into the crust and subsequent deformation aligned and 
concentrated iron-rich minerals into layering and seams. The iron-rich minerals were then 
re-mineralized to magnetite during metamorphism. A subsequent pluton-wide annealing 
event erased nearly all evidence of the pluton-wide deformation, yet somehow spared the 
surrounding rocks from this effect. 
3) The Hammondville pluton was emplaced into the crust, and during a later 
metamorphic event, iron-rich hydrothermal fluids deposited the dispersed magnetite 
throughout the pluton. It was either during this event, or another unrelated hydrothermal 
event, that iron-rich fluids deposited the highly concentrated magnetite into the layers and 
seams that parallel the magmatic layering of the LMG. 
4) A magnetite rich magma may have been introduced into, and become thoroughly 





world (Nystrom et al., 1994; Naslund et al., 2002; Chen et al. 2010; Tornos et al. 2016). 
As the LMG rose higher in the crust it was injected layer by layer into the surrounding 
rock forming the Hammondville pluton, retaining a magmatic layering. Another 
magnetite rich magma, perhaps related to the previous onw, was injected along with, and 
into the LMG, forming parallel layering and seams during its emplacement. Continued 
flow and extensional strain led to boudinage and deformation of the seams and layering 
while both magmas were still a crystal mush. The emplacement related deformation was 
also responsible for the crosscutting layering, by squeezing portions of less viscous 
magmas and injecting it into partially crystallized zones. 
The first model seems unlikely because there was no evidence of a conduit system that 
could have been responsible for transporting and depositing the magnetite rich fluids. 
One could argue that the layering itself acted as the conduit system, however, this does 
not explain the pinching and swelling of the layers and seams into the LMG, which was 
clearly plastically deformed. There is strong evidence that the LMG was magmatic 
during its interaction with the magnetite as evidenced by the boudined seams, the 
deformed interfingering, and the deformation within the LMG that mimics that in the 
magnetite layers. 
The second model also seems unlikely because it assumes a much older age of the LMG 
than is widely accepted, and it would require a pluton-wide remineralization of iron-rich 
minerals to magnetite, followed by pluton-wide annealing. Magnetite is represented in all 
varieties of the LMG, including what is thought to be the protolith, suggesting magnetite 





strong enough to erase almost all signs of sub-solidus deformation does not seem likely to 
spare the surrounding rock units, especially when some have similar compositions.  
The third model would call for pluton-wide hydrothermal alteration after it had 
crystallized. There is no evidence of a conduit system that could have transported fluids 
throughout the pluton, and it seems unlikely the fluids would have only affected the LMG 
and not the surrounding rock units.  
The fourth model best reconciles data collected during this and other research. Mixing of 
a magnetite rich magma with the LMG prior to its emplacement best explains the near 
ubiquitous presence of magnetite in all varieties of LMG, as opposed to a hydrothermal 
introduction that occurred post-emplacement. This could have also occurred by an 
original magma that split into an apatite-magnetite rich magma and a granitic magma 
with minor a minor magnetite component. Either way, this explains why magnetite is 
mostly limited to the LMG and is generally lacking within the surrounding rocks. 
Another magnetite rich magma must have been introduced during emplacement of the 
LMG higher in the crust, forming the layers and seams. The lack of a pervasive 
deformational fabric throughout the LMG, the magnetite mineralization and layered 
LMG/magnetite, indicates a synchronous igneous emplacement after regional 
metamorphism. Localized deformation in magnetite seams and layering is similar to that 
among digested country rock and xenoliths throughout the pluton, recording continued 
(extensional) strain taking place during and after emplacement.  
The Na metasomatism of LMG was also likely related to fluids associated with the 





traveled with the magnetite magma, altered the LMG immediately surrounding the 
deposits and were able to travel large distances into the pluton. Perhaps the LMG was 
still a mush allowing for the penetration, or perhaps the fluids preceded the arrival of the 
magnetite and were able to mix with portions of the LMG while it was being emplaced. 
The nature and extent of sodium alteration is not well constrained in the Hammondville 
pluton and requires further study, however, it is undoubtedly related to mineralization. 
Enrichment of light rare earth elements (LREE) is also related to the introduction of the 
magnetite magma in the Hammondville pluton. The highest levels of enrichment were 
recorded in samples collected from the interlayered magnetite-LMG while varying levels 
were recorded from the ores. Samples collected from the surrounding albite altered LMG, 
however, were consistently low in Rare Earth elements suggesting the magnetite magma 
may have served as a source. This could explain the elevated enrichment levels of the 
interlayered LMG samples, compared to those from solid magnetite ore. 
6.3 Preferred Model 
As a result of extensive mapping combined with micro-analytical and geochemical 
analyses conducted for this thesis, we suggest a magmatic model for the emplacement 
history of the LMG and magnetite deposits of the Hammondville mining district. 
Magnetite became thoroughly dispersed throughout the LMG deep in the crust after it 
formed as a result of decompressional melting at 1050 Ma. The LMG then migrated 
higher into the crust and began being emplaced layer by layer along the foliation of 
previously deformed country rock (Fig. 41 a, b; we depict the LMG being emplaced 






Figure 41: Model of incremental growth of the Hammondville pluton. It is proposed to have been emplaced, layer by 
layer, mimicking the existing foliation of amphibolite. Frame C shows a portion of the wall rock breaking off and 












Figure 41 c,d, depicts a portion of country rock being dislodged and becoming entrained 
as a xenolith in the growing pluton. Portions of partially digested and deformed xenoliths 
are common throughout the pluton, while minimal rotation during emplacement generally 
allowed them to maintain original orientations. 
 During the continued growth of the Hammondville pluton, a second pulse of magnetite-
rich magma was introduced and became interlayered with the LMG. The different 
thicknesses and recurrences of layering and seams was perhaps dictated by a variation in 
the volume of the magnetite magma available, or the access by which it was able to be 
injected into the pluton. Whatever the reason, the episodic injection caused multiple 
phases of mineralization displayed by the crosscutting nature of some of the seams and 
layering. Sodium rich fluids that were either simultaneously introduced, or released from 
the magnetite magma, traveled through the LMG magma, or mush, and replaced large 
volumes of perthite with albite (Fig. 41 G-H). The fluids were able to travel large 
distances while the pluton was still molten, “albitizing” swaths not always limited to 
areas of magnetite mineralization. The albitization of the perthitic LMG released calcium, 
which combined with the LREEs contained in the magnetite magma to form highly REE-
enriched apatite.  
The model proposed in this thesis is not a radical departure from models proposed in the 
past (Valley et al., 2011). Other workers have documented crosscutting relationships and 
a lack of a pervasive deformational fabric within the LMG, suggesting a magmatic 
history, as well as for some of the magnetite deposits. This model does, however, differ 
in that it suggests sodium alteration and REE enrichment were associated with the 





LMG. Sodium alteration and REE enrichment had previously been proposed to have 
taken place tens of millions of years after the emplacement of the magnetite deposits 
(Valley et al., 2011), however, detailed examination in and around Hammondville does 
not support this. This model also proposes the dispersed magnetite that is present in all 
varieties of the LMG was the result of a magnetite magma mixing with the LMG before it 
was emplaced higher in the crust. The localized hyper- and sub-solidus deformation 
observed in many rocks, was the result of ongoing extensional strain during the 
emplacement and cooling of the pluton. Plastic deformation, observed in LMG layering, 
magnetite seams and partially digested country rock, recorded ongoing strain while the 
pluton was still a crystal mush. Some pegmatite mineralization likely accompanied this 
strain, however, a later influx of pegmatite fluids remobilized magnetite perhaps up to 
tens of millions of years later. These episodes were responsible for the highly enriched 
magnetite veins that crosscut both plutonic fabric and previous magnetite seams. Sub-
solidus deformation generally associated with magnetite mineralization was most likely a 
result of the weaker mineral accommodating strain post crystallization, the timing of 












Detailed field and laboratory studies combined with previous research of Adirondack 
rocks, has provided insight into the emplacement history of the LMG and related 
magnetite deposits of the historic mining town of Hammondville. Major conclusions 
include: Extensional strain in the location of the Grenville province that is now known as 
the Adirondack Highlands, caused the formation of the LMG as a result of 
decompressional melting. A magnetite magma was introduced into and became mixed 
throughout the LMG at depth in the crust. The LMG traveled higher into the crust, and in 
the case of the Hammondville region, utilized preexisting foliation in the rocks to form a 
pluton, layer by layer. During the growth of the pluton, another magnetite rich magma 
was introduced and injected into the growing pluton in layers of varying sizes. Sodium 
rich fluids accompanying the magnetite magmas mixed and altered portions of the 
perthite LMG to albite, releasing calcium that caused the REEs contained in the 
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